In contrast to some of the recent investigations, this study shows that far less number of tide gauge stations experienced statistically significant accelerations in sea level rise during the 20 th century. Twenty-seven tide gauge stations with century long data were analyzed for the presence of an acceleration in global sea level rise using a kinematic model inclusive of a secular trend, acceleration, and compounded periodicities with autocorrelated random effects. Eight out of twenty-seven stations revealed statistically significant but slow sea level rise acceleration (p<0.01) within the 0.01-0.02 mm/yr 2 range compared to the sixteen stations with accelerations estimated using the models by the previous investigations, which did not account for the compounded periodicities and autocorrelations in sea level changes.
Introduction
Evidence for global sea level rising faster during the 20th century with global warming is an important indicator in understanding anthropogenic contributions to the climate change mechanisms. In the past, several studies investigated the presence of a global acceleration of sea-level rise with mixed results (see, e.g., Woodworth, 1990 , Douglas, 1992 , Church and White, 2006 , Holgate, 2007 , Merrifield et al., 2009 , Woodworth et al., 2009 , Houston and Dean, 2011 , Jevrejeva et al., 2013 , Kopp, 2013 , Hogarth, 2014 , Watson, 2016a .
As early as 1990¹, Woodworth investigated the presence of sea level rise acceleration in the European tide gauge and satellite altimetry. The study found quantitative evidence that the rate of sea level rise around the global coastlines was significantly more than the global average over the period 1993 -2002 . Meanwhile, Douglas (1992 examined long tide gauge records for a global sea level acceleration and concluded that there is no evidence for an apparent acceleration in the past century².
In their 2006 study, Church and White reported a 20 th century acceleration of sea-level rise of 0.01 ± 0.006 mm/yr inferred from the tide gauge data using a quadratic model as being significant. However, Holgate's subsequent (2007) study reported changing global sea level, trends estimated using 50 year segments from nine long and nearly continuous sea level records. This study stated that high variability in the rates of sea level change observed over the past 20 years was not particularly unusual. Merrifield et al. (2009) study used tide gauge data to estimate trends in global sea level over 15-yr segments and their change over time to detect sea level accelerations. They reported global trend increases in tandem with satellite altimetry results. Concurrently, Woodworth et al. (2009) reviewed several studies by comparing recent findings of different researchers and by inspecting original tide gauge records. They reported evidence for a positive acceleration, around 1920-1930 and deceleration around 1960 but also stated that modelling efforts were inadequate for modelling some of the effects influencing sea level changes.
A more recent paper by Houston and R. G. Dean (2011) stated that there has been no acceleration, in fact, a deceleration. Their analysis was based on a least squares 1 There were earlier investigations addressing this question. They were not cited here. As the length of the series gets shorter, the more difficult it becomes detecting sea level trends and accelerations with reliability (Iz, 2006) . 2 Note that the contrast between the studies of Woodworth (1990) and Douglas (1992) can be explained by their choice of tide gauge station locations used in respective investigations. It is well known that climate warming does not impact the sea level uniformly, and that there are differences from place to place (Han et al., 2017). solution using a quadratic model. However, two years later, another study by Jevrejeva et al. (2013) , who analyzed 1277 tide gauge records since 1807 reported an acceleration of 0.02 ± 0.01 mm/yr 2 in global sea level during 1807-2009 as being significant. Concurrently, Kopp (2013) reported sea level rise acceleration along the midAtlantic coast since 1975 and attributed it to a start of a long-term trend. Hogarth's (2014) analysis of acceleration of sea level rise through the twentieth century using an extended tide gauge data sets resulted in a determination of a 0.01 ± 0.008 mm/yr 2 acceleration in sea level rise.
More recently, Watson (2016a) analyzed five tide gauge stations and concluded that "there is now more robust, convincing evidence of recent acceleration in the trend of global mean sea level". But then, Watson (2016b) study reverted and concluded that there is no consistent or statistically significant evidence that recent rates of rise are higher or abnormal in the context of the historical records available for the United States.
The list of past investigations on this topic here is by no means exhaustive but clearly reflects a lack of consensus regarding the presence of a global acceleration in sea level rise during the 20th century. In the following sections, first, a baseline kinematic model akin to the quadratics that were extensively used with an ordinary least squares solution in the previous investigations is presented. It is followed by a new extended kinematic model together with its updated statistical properties (autocorrelations) in representing sea level variations. Thereafter, accelerations in sea level rise estimated by the new and baseline models are contrasted using their solution statistics for each of the 27 globally distributed long tide gauge records.
Predominantly two different approaches are used for detecting acceleration in sea level rise. The first one segments the tide gauge time series data and estimates the sea level trends for changes, which are then interpreted as accelerations or decelerations should they be significantly different in magnitude from the other segments (e.g. Merrifield et al. 2009 ). This approach is however laden with potential pitfalls. Time series tide gauge data are well known to be very noisy because of local subsidence, vertical crustal movements caused by regional tectonics, global isostatic adjustment, periodic changes in sea level induced by wind, pressure, external forcing such as lunar of solar origin, and thermosteric effects of warming oceans. Such confounders are episodic, or transient in nature, or periodic at semi-annual, annual, interannual, decadal, long term time scales, all contributing to sea level variations. As the time span of segmented series gets shorter, the impact of these confounders becomes more and more effective in biasing the estimates. Consequently, the likelihood of mistakenly identifying a change in trend when it is not present increases markedly in analyzing short segmented time series. The adopted conventional wisdom of using very long time series to mitigate this effect was recognized (Douglas, 1992 , Pugh, 2004 , elucidated, and quantified by Iz (2006), and will not be repeated here.
The second approach uses, a quadratic/kinematic model to capture the broad behavior of sea level variations over time. Occasionally, periodic semi-annual and annual terms are included if, the monthly averaged tide gauge data are used in the analysis (Douglas, 1992) . This model, which will be used as a baseline (BL) model in this study, can be stated as follows,
In this formulation, the initial epoch of the measurements are shifted to the middle of the series for shorter time offsets to improve the numerical stability of the solutions; h t represents the yearly averaged tide gauge data at t = t Start · · · t End ; h t0 is the unknown sea level reference height defined at the middle epoch of the measurements, t 0 , anḋ h andḧ are the velocity and acceleration parameters to be estimated. The random variable u t represents the lump sum effect of the random instrument errors and the unmodeled effects in sea level changes. These disturbances are assumed to be homogeneous, independent, and iden-tically distributed, and tend to be averaged out for long series (i.e. their expected values are zero)⁴. All these assumptions about the stochastic properties of the random effects however, are incorrect as shown by Iz (2012) because of the existing autocorrelations in tide gauge time series data at varying degrees at different stations. Not accounting for the autocorrelation leads to overestimating the quality of estimated parameters when the random effects are positively correlated, thereby, failing to reject the null hypothesis in testing the statistical significance of the estimated parameters (i.e. finding erroneously the estimate(s) statistically significant (Neter et al., 1996) when they are not). This deficiency suggests that some of the earlier studies may have detected spurious accelerations.
In addition, tide gauge data exhibit semiannual, annual, interannual, decadal, and multi-decadal scale sea level variations. Some of these periodic changes, such as annual variations, are strong and well-known (Pugh, 1996) , the others were detected and quantified by Iz (2014 Iz ( , 2015 . They are excited by the compounding of the periodic variations induced by the regression of the lunar node, which completes its cycle in P =18.613 yr, to produce subharmonics with periods including: 2×P = 37.226 yr; 3×P = 55.839 yr; 5×P = 74.452 yr, and its super harmonics with periods: P/2 = 9.306 yr.; P/3 = 6.204 yr. Some of the others are caused by solar radiation with a period of P = 11.1 yr., with its subharmonics with periods: 2×P = 22.2 yr. and longer. The compounding of sub and super harmonics do require other effects at nearby frequencies such as natural or forced sea level variations and broadband internal ocean-atmosphere interactions, including steric and eustatic contributions producing signatures at multi-decadal time scales (ibid). Iz (2016b Iz ( , 2016c has shown that the major compounders of sea level variations in tandem with luni-solar origin have been the thermosteric effect of the warming oceans, which also exhibits long periodic variations (Iz, 2016a).
As early as 2006, Iz has shown that, these periodicities despite their small amplitudes, if not modelled, will bias the sea trend estimates for shorter series. Moreover, 4 All the earlier studies cited in the introduction section either implicitly or explicitly, assumed that the tide gauge data are homogeneous by the use of ordinary least square (OLSE) as opposed to a weighted least squares solution (WLSE), in estimating trend and acceleration parameters. Although this assumption in most cases does not impact the estimates but alters the solution statistics such as goodness of fit, and adjusted R 2 statistics of F−tests for assessing model validity, and therefore, the predictive power of the trend plus acceleration models. their effects may also be mistakenly interpreted as accelerations at sea level rise if not incorporated into the models. The following model will accommodate these periodicities as well as the autocorrelations, which have not been considered by the earlier studies.
The new kinematic model (NEW) for the observed sea level height, h t , that reflects all these sea level variations including the potential sea level acceleration at a given tide gauge station at an epoch t, is an augmented version of the baseline model with periodicities and autocorrelated errors. It can be cast as follows;
with,
In this representation, same as before, an observation at an epoch tis denoted by h t . The intercept h t0 is the height of the sea level defined at the initial (reference) epoch t 0 . The constant rate of change (velocity/trend) in the sea level is denoted byḣ , and,ḧ is the constant rate of change in the sea level velocity (i.e. acceleration). The periodicities (P h , h = 1, . . . , m) consist of eleven sub and super harmonics of node tides and those attributed to the solar radiation shown on Table 1 . Each period introduces two parameters, α h , h for the sine and cosine components from which the amplitudes a h , and the phase angles of the periodic terms are determined. In total, the extended kinematic model includes 37 unknown parameters common to all tide gauge stations in addition to the decadal periodicities for some of the stations listed in 2.1 as determined to be statistically significant (p<0.05) in an earlier study by Iz (2015). The random variable denoted by ε t ∼ (0, σ 2 ε ) represents the autocorrelated random errors -determined to be a first order autoregressive process with variance σ 2 ε (Iz, 2012) with zero expected value. The error at an epoch t is related to the error of the previous epoch through Eq. (3). The unknown first order autocorrelation coefficient ρ was shown to be positive and need to be estimated in all tide gauge measurements (ibid). The other random error component u t has an expected value of zero and it is independently distributed, i.e. u t ∼ (0, σ 2 u ), where σ 2 u is the variance of the white noise.
It was shown that the correlation coefficients for the autocorrelations are mostly within the range 0.3-0.4, not negligible, still having no impact on the estimated parameters (Iz et al., 2012 (Iz et al., , 2013 ). Yet, unaccounted positive serial correlations bias the solution statistics, such as the variance of the estimated parameters, by underestimating and overstating the adjusted R 2 statistics⁵ and therefore, inducing false positives in null-hypothesis testing of the model parameters (Neter et al., 1996) .
Solutions
Twenty-seven globally distributed tide gauge stations' data shown in Table 1 A pair of solutions for the baseline and the new models were calculated for each 27 tide gauge stations. In the case of the new model, the Hildreth-Lu procedure (Hildreth and Lu, 1960) was used to estimate the model parameters, which accounts for the effect of the first order autocorrelation during the least squares solutions. In the first round, the estimates with p-values⁶, p>0.05, were removed from the model and new solutions were generated using the remaining statistically significant model parameters.
As a detailed guide to all the solutions in the following discussions, Key West, USA monthly tide gauge time series data ( Figure 2 ) were used. The estimates and their uncertainties are tabulated in Table 3 . Only 14 parameters out of 39 were statistically significant (p<0.05) and retained in the second round of solutions using the new model. In this example, the estimates for the acceleration parameters in the new and the baseline models were both rejected for being not statistically significant.
Additional statistics for both model solutions are tabulated in Table 4 indicate an almost 50 % improvements in the fits (σ 0 ) because of the new model parameters. The Adjusted R 2 value, which accounts for the effect of large 6 The p-value is the probability of obtaining a test statistic result at least as extreme or as close to the one that was observed, if the null hypothesis is true (Goodman, 1999) . Smaller p-values for the model parameters in this study, provide statistical evidence (independent of the significance level) that the magnitudes of estimates cannot be attributed to chance alone. Computations were subsequently extended to the remaining 26 tide gauge stations. Table 5 lists the pertinent statistics for all the baseline and new kinematic model solutions, including the length of the series (under the station IDs), the estimated linear trend, and its variance 7 The expected value of the DW statistic is equal to 2 when the residuals are not autocorrelated. Table 5 also lists the estimated acceleration parameters for both model solutions and for all tide gauge stations. Overall, there are 16 acceleration parameters⁸ out of 27 stations, which are statistically significant for the baseline solutions. The remaining 11 estimated accelera- 
Conclusion
The findings of this exploratory study in search of global sea level accelerations during the 20 th century did find only 8 out of 27 tide gauge stations with statistically significant evidence for their presence using a new kinematic representation with trend, acceleration, and compounded long periodic variations incorporated. The new model also accounted for the effect of autocorrelated random errors to avoid overestimating statistical significance of the estimated parameters in the solutions, in contrast to the baseline model based solutions of earlier investigations, which suggested 16 tide gauge stations with statistically significant accelerations (p<0.05). The overwhelming absence of sea level accelerations in globally distributed tide gauge stations however, must be carefully interpreted in the context of climate change during the 20 th century. Iz (2016b and 2016c) quantified that the effect of warming oceans (Iz, 2016a) to the sea level changes at these tide gauge stations is lagged. These studies revealed that the time-lags could be as short as two decades or longer depending on the location of the tide gauge stations. Consequently, there may be indicators of effects of thermosteric origin during the late 20 th century 9 Estimated autocorrelation parameters are the integral part of the new model whereas in the case of the baseline model, autocorrelations can be estimated from the residuals, but not needed, because Durbin-Watson test also serves for the same purpose and it shows that the errors are not iid (identical and independently distributed).
being realized in the early 21 st century not as an acceleration but as aberrations in the new kinematic model residuals. Their signatures are expected to be small and need to be investigated in more detail, a topic for future studies.
